Conformational energies of n-butane, n-pentane, and n-hexane have been calculated at the CCSD(T) level and at or near the basis set limit. Post-CCSD(T) contribution were considered and found to be unimportant. The data thus obtained were used to assess the performance of a variety of density functional methods. Double-hybrid functionals like B2GP-PLYP and B2K-PLYP, especially with a small Grimme-type empirical dispersion correction, are capable of rendering conformational energies of CCSD(T) quality. These were then used as a 'secondary standard' for a larger sample of alkanes, including isopentane and the branched hexanes as well as key isomers of heptane and octane. Popular DFT functionals like B3LYP, B3PW91, BLYP, PBE, and PBE0 tend to overestimate conformer energies without dispersion correction, while the M06 family severely underestimates GG interaction energies. Grimme-type dispersion corrections for these overcorrect and lead to qualitatively wrong conformer orderings. All of these functionals also exhibit deficiencies in the conformer geometries, particularly the backbone torsion angles. The PW6B95 and, to a lesser extent, BMK functionals are relatively free of these deficiencies.
I. INTRODUCTION
The existence of multiple conformers for n-butane and higher n-alkanes has been known since the pioneering work of Pitzer.
1 (See the introductions to Refs. Modern high-accuracy theoretical thermochemistry methods, such as W4 theory developed at Weizmann 5, 6 and HEAT developed by a multinational consortium of researchers 7, 8, 9 are capable of calculating bottom-of-the-well total atomization energies (TAE e values) with 95% confidence intervals of 1 kJ/mol (0.24 kcal/mol) or less. For alkanes and other systems devoid of low-lying excited electronic states, the chief factors limiting accuracy of calculated total atomization energies (TAE 0 ) or heats of formation (∆H • f,0 ) at absolute zero are actually not of an electronic structure nature so much as the zero-point vibrational energies (ZPVEs), particularly the anharmonic corrections in them.
At finite temperatures, this is compounded by the necessity of reliable heat content functions or enthalpy functions (H 298 − H 0 ). By way of illustration, a component breakdown of heat content functions for a number of lower alkanes is presented in Table I . For n-octane, the conformer contribution is seen to reach 1.05 kcal/mol. Clearly, when working in the kJ/mol accuracy region, one neglects such contributions at one's peril.
Smith and Jaffe
2 studied conformational energies of n-butane and the central torsion of n-hexane in considerable detail. For n-butane, they obtained a trans-gauche energy of 0.59 kcal/mol at the CCSD(T)/cc-pVTZ//MP2/6-311G(2df,p) level. After correction, this was within 0.05 kcal/mol of the then-latest experimental value by Herrebout et al. 10 Allinger et al. 3 carried out a 'focal point' 11, 12 convergence study on the butane conformer energies and torsional barriers. Their best estimate for the trans-gauche energy was 0.62 kcal/mol, just 0.04 kcal/mol lower than the very recent measurement by Balabin, 13 0.660 ± 0.022 kcal/mol.
A similar 'focal point' study for n-pentane was published by Salam Tasi et al., 15 in their paper on the enumeration of conformers in n-alkanes, discuss npentane at some length. Figure 1 in their paper is an energy landscape of n-pentane in terms of the two CCCC torsion angles. (In the remainder of this paper, we will adopt their notation for conformers: g ± for gauche torsion angles around ±60deg, x± for 'cross'
or 'perpendicular' angles around ±90deg, and t for trans.) It is seen there (as well as in the lower part of Figure 1 in the present paper) that the landscape has eleven minima: the global tt minimum, two equivalent gg minima (g + g + and g − g − ), four equivalent tg minima (t + g + , t + g − , g + t, and g − t), and finally four equivalent gx − minima (g + x − , g − x + , x + g − , and
The gx-conformer is often, confusingly, labeled g + g − in older literature: in fact, the actual g + g − structure is a transition state for a shallow barrier between equivalent g + x − and x + g − structures (and similarly for g − g + between x − g + and g − x + ).
Because of this latter phenomenon (first pointed out, to the best of our knowledge, by
Osawa and coworkers, 14 ) higher n-alkanes have more conformers than would be expected by naive "3 n " enumeration based on trans/gauche + /gauche − products. This latter approach does lead to the correct four conformers for n-pentane (even as it mislabels the energetically highest one), but only yields ten unique conformers on the n-hexane surface while in reality there are twelve. A graphical representation of the conformer space of n-hexane can be seen in the upper part of Figure 1 .
While the ttt, gtt, tgt, tgg, gtg, gtg − , and ggg conformers also occur in the naive 3 n enumeration and the naive gg − g conformer could be regarded as a 'rounded-off' equivalent of the actual xg − x conformer, the naive ggg − and gg − t conformers actually each correspond to nonequivalent pairs, gx − t/xg − t and gx − g/ggx − , respectively.
Tasi et al. 15, 16 defined rules for a more correct conformer enumeration, based on pruning a 5 n search down by excluding 'forbidden' sequences that exhibit excessive sterical hindrance.
The rules can be summarized as follows:
• gx − g, xgx − , and their isomorphs are forbidden
• xg − g − x and its isomorph x − ggx − are forbidden Under these rules, 30 and 95 nonequivalent conformers occur for n-heptane and n-octane, respectively.
In the present work, we will first obtain benchmark ab initio conformer energies for nbutane, n-pentane, and n-hexane, using large basis set CCSD(T) as a 'primary standard'.
We will then show that double-hybrid functionals 17, 18 supplemented by an empirical dispersion correction yields results of essentially the same quality, and will proceed to use these as a 'secondary standard'. Next, we will consider the performance of a variety of density functional methods for the conformers of the pentanes, hexanes, and selected heptanes and octanes. Finally, we will address the quality of computed thermodynamic corrections both by the more rigorous and the more approximate methods. 
21
The following DFT functionals were considered (grouped by rungs on the 'Jacob's Ladder' 
M06-2X
34 cc-pVnZ 37 basis sets of Dunning and coworkers. In the course of this paper, we will refer to the cc-pVnZ basis set by the PVnZ acronym, and to the combination of aug-cc-pVnZ on carbon with regular cc-pVnZ on hydrogen by the AVnZ acronym (n=D,T,Q).
Most DFT calculations were carried out using the Jensen pc-2 basis set.
38
Dispersion corrections for the DFT energies (denoted by the suffix "-D") were applied using our implementation of Grimme's expression:
39,40
where the damping function is taken as
and
is the sum of the van der Waals radii of the two atoms in question, and the specific numerical values for the atomic Lennard-Jones constants C i 6 and the van der Waals radii (in this case, 1.452Å for C and 1.001Å for H) have been taken from Ref. 39 . The length scaling s R =1.0 and hysteresis exponent α=20.0 were set as in Ref. 40 .
This expression is left with a single functional-dependent empirical parameter, namely the prefactor s 6 . This was taken from Refs. 39, 40 for BLYP, B3LYP, and PBE, from Ref.
18
for the double hybrids, and from Ref. 41 for the remaining functionals. These were, for the most part, optimized against the S22 benchmark set of weakly interacting systems.
42
No corrections for intramolecular BSSE were made: instead, we elected to use basis sets sufficiently large (spdf or spdf g quality) that this should not be an issue on the accuracy scale of interest to us presently. We note that Balabin 43 studied intramolecular BSSE for trans/gauche butane and selected hexanes in considerable detail.
B. Other aspects
The initial conformer structures were generated by stepping the CCCC dihedral angles in 30 degree increments, running molecular mechanics optimizations on all structures generated, and collating equivalent structures. In this manner, both the unique conformer structures and their degeneracies are obtained in an automated fashion.
The statistical thermodynamic corrections were then obtained by state summation according to the method of Pitzer and Brewer. 44 That is, the partition function and its first two moments are obtained as follows:
where E i and E 0 are the energies of state i and the ground state, respectively (in molar units), R is the gas constant (replace by the Boltzmann constant k if molecular units are preferred for the energies), d i is the degeneracy of the state, and T is the temperature in Kelvin. The various thermodynamic functions are then obtained as:
A slight complication is introduced when the internal partition function is not assumed to be factorizable, i.e., each of the conformers is allowed to have distinct rotational, vibrational, and (ignored in this work) electronic partition functions. Then the following product rules apply (Eqs. 1-3 in Ref. 45 ):
where the shorthand x i ≡ (E i − E 0 )/RT was applied.
While the expression for C p (T ) is too clumsy for practical use, the following equations express gef(T ) and hcf(T ) ≡ H T −H 0 in terms of the quantities for the individual conformers:
III. RESULTS AND DISCUSSION
A. Wavefunction ab initio
The wavefunction ab initio results are gathered in Table II 
SCS-MP2
48 yields conformer relative energies that are basically indistinguishable from CCSD.
Klauda et al. 47 report MP2:CC numbers of {0.622,0.985,2.846} kcal/mol, which are quite close to our higher-level data. Our own MP2:CC calculation at our higher-level (MP2/ccpVTZ) geometries yields slightly different numbers.
Our best estimates are somewhat different from those of Salam and Deleuze:
{0.621,1.065,2.917} kcal/mol. Detailed analysis suggests that these differences are primarily due to their use of B3LYP/6-311++G(d,p) reference geometries. We shall see below that the B3LYP functional is inadequate for this purpose, not just in relative energies which are {0.855,1.604,3.360} at the B3LYP/6-311++G(d,p) level but also in terms of the calculated geometries: as can be seen in Table IV , the backbone torsion angles for the GG and GX − conformers are off by 5-6 degrees.
SCS-MP2 tracks the CCSD numbers quite closely, while SCS-CCSD clearly overcorrects
for the (T) contribution.
The TT-GG energy difference appears to be the most sensitive to the level of theory, followed by the TT-GX − difference.
n-hexane
n-hexane, with its twelve conformers, becomes a bit unwieldy to compare in terms of individual conformer energies. One could instead focus on the calculated conformer contribution to the enthalpy function, which is the quantity that interests us most from an utilitarian point of view. However, by construction, this will be most affected by the low-lying gtt and tgt conformers.
Let us first consider the relative energies of the conformers at the W1h-val level.
Obviously, the ttt conformer is lowest in energy, followed by nearly isoenergetic gtt and tgt conformers. Somewhat higher up is tgg, which is markedly more stable than gtg. gtg − is about 0.13 kcal/mol less stable than its cousin gtg, while ggg finds itself sandwiched between them. The remaining five conformers all have at least one 'pentane interference'
interaction: gxt and tgx-are nearly isoenergetic (and about 1.4 kcal/mol less stable than ggg), as is the less stable xg − g − and gxg − pair, while the least stable conformer is xg − x.
Visual inspection reveals (see Electronic Supporting Information) that this latter conformer is basically a 'helix', one end nearly coiling back over the other.
Klauda et al. 47 calculated MP2:CC relative energies for selected conformers: tgt 0.600, tgg 0.930, tgg − 2.740, gtg 1.180, gtg − 1.320 kcal/mol. We computed a complete set (Table   II) at our own reference geometries, and find MP2:CC to agree with our W1h-val data to within about 0.01 kcal/mol. In contrast, CCSD(T)/cc-pVTZ data are biased downward by as much as 0.1 kcal/mol, presumably due to basis set superposition error.
B. Density functional methods
In order to basically eliminate the basis set as a factor in our comparison, we have used the extended pc-2 basis set throughout. Except for the double-hybrid results, a full optimization was carried out for every functional.
Let us begin by considering the pentane and hexane conformers. The energetic data are collected in Table III. A few interesting features emerge. First, the percentage of Hartree-Fock exchange does not seem to be all that important: the BLYP/B3LYP pair on the one hand, and the PBE/PBE0 pair on the other hand, yield basically the same answers. Detailed inspection of dispersion correction contributions for the simplest case (the transgauche equilibrium in butane) reveals that dispersion interactions between the terminal CH 3 group and the CH 2 group in β position relative to it ("1,3" interactions, if one likes) actually favor the trans conformer (as it has two β hydrogens in close proximity rather than one), but that the gauche conformer enjoys much more favorable "1,4" dispersion interactions. Fifth, the deficiencies of several functionals are not just reflected in the energetics, but also in the geometries. This is especially noticeable in the backbone torsion angles: Table   IV contains the dihedral angles for the TG, GG, and GX − conformers of n-pentane by way of illustration.
As MP2/cc-pVTZ optimizations for all heptane and especially octane conformers would be computationally too unwieldy, we selected the PW6B95 functional for optimizing the reference geometries of the remaining conformers. Some exploratory calculations on pentane and hexane revealed that the 6-311G** basis set was adequately converged for our purposes, and that B2K-PLYP/pc-2 energetics at these reference geometries are very close to those obtained at MP2/cc-pVTZ geometries. The PW6B95/6-311G** level of theory was thus selected for the remaining conformer sets.
C. n-heptane, n-octane, and the branched alkanes B2K-PLYP-D/pc-2//PW6B96/6-311G** relative conformer energies for all species considered in this paper can be found in Table V . We shall briefly survey the conformer sets here. As an additional "sanity check" on our procedure, we have calculated the nheptane conformer energies at the MP2:CC level as well. These results are compared with the B2K-PLYP-D(0.22)/pc-2 data in sequences, this gap becomes much smaller for n-octane.
Isopentane has just two conformers: the no-symmetry ground state conformer (with a "trans" backbone skeleton) and, around 0.79 kcal/mol higher, a gauche-like conformer with C s symmetry.
Isohexane (2-methylpentane) has seven conformers: these are best understood by substituting a methyl group on the four unique conformers of n-pentane. The groundstate conformer is TT; the TG and GT conformers become nonequivalent because of the methyl group; GX − and X − G likewise become nonequivalent; and unlike for n-pentane, the GG conformer is actually the highest in energy here.
Isoheptane has some eighteen conformers, which are again best understood by substituting a methyl group on the 12 unique conformers of n-hexane and considering the resulting loss of spatial degeneracy. Further details can be found in the Electronic Supporting
Information.
Iso-octane, the "100%" fixpoint on the octane scale, does not have the usual "2-methyl" backbone structure of the lower isoalkanes, but is effectively (t-butyl,isopropyl)methane. It has just three conformers, all without symmetry: in the global minimum, the iPr and tBU groups are oriented anti with respect to each other (fairly close to C s symmetry), while a "gauche" type structure is just 0.5 kcal/mol above and a third, "syn" like conformer, is found 3.3 kcal/mol above the global minimum.
3-methylpentane has six conformers. The global minimum has C s symmetry: the other ones are best understood by considering n-pentane with a substituent in 3 position, making the fourfold degenerate TG and GX − conformer split up into nonequivalent pairs.
Biisopropyl (2,3-dimethylbutane) has just two conformers: the trans conformer with C 2h symmetry and, less than 0.1 kcal/mol higher, the gauche conformer with C 2 symmetry.
Neoheptane has just three: the global minimum with C s symmetry and two asymmetric conformers at 2.3 and 2.7 kcal/mol higher. Their impact on the thermodynamic functions is minimal.
D. Thermodynamic function corrections
As pointed out in the introduction, one of the main motivations for the present study was a thermochemical one, namely the need for reliable conformer corrections to the enthalpy function and Gibbs energy function of the alkanes. Such data for the various species considered in this paper, as well as in Ref. 41 , can be found in Table VI for various levels of theory.
As can be seen there, for the few systems where extended basis set CCSD(T) data are available, B2K-PLYP-D/pc-2 yields nearly identical results. We thus take this level as our yardstick for the thermodynamic function corrections for the remaining species.
The enthalpy function correction -which is what is needed for obtaining heats of formation from atomization energies, or vice versa -exhibits fairly mild sensitivity to the level of theory. Broadly speaking, the M06 family tends to significantly underestimate the corrections while popular functionals like B3LYP tend to overestimate it. The anomalous negative sign for M06 and M06-L in the case of diisopropyl results from the wrong conformer ordering being predicted.
Sensitivity of the Gibbs energy function is rather more pronounced and behavior of the different functionals rather less systematic.
We finally address the issue of cross-coupling with zero-point and thermal corrections. Table VII For n-butane through n-heptane, we considered internal rotation corrections for each individual conformer by means of the Ayala-Schlegel approximation 52 . These results are given in the bottom pane of Table VII . As can be seen there, the effect on the enthalpy functions is minimal, and that on the Gibbs energy function quite modest as well, considering that 0.1 e.u. translates to less than 0.03 kcal/mol in the free energy. We thus feel justified in not considering it for the other conformers.
Finally, one wonders about whether a CH 2 group equivalent could be applied to longer alkane chains. Linear regression of the corrections for n-butane through n-octane in terms of the number of backbone torsion angles reveals especially good correlation coefficients at the bottom of the well (R 2 =0.9998 for H 298 − H 0 , 0.9993 for gef(T )). If zero-point energy is taken into account, we see a mild deterioration of the fit for H 298 − H 0 but a somewhat more pronounced one for gef(T ), while the fits including full thermal averaging become a bit noisier than desirable but still adequate for estimation purposes.
IV. CONCLUSIONS
Conformational energies of n-butane, n-pentane, and n-hexane have been calculated at the CCSD(T) level and at or near the basis set limit. Post-CCSD(T) contribution were a SCF and CCSD energies extrapolated from cc-pV{T,Q}Z basis set pair, and the (T) contribution extrapolated from the cc-pV{D,T}Z basis set pair.
b Using the augmented basis sets results in 0.598 kcal/mol. correction) and our best conformer energies (kcal/mol) for n-butane, n-pentane, and n-hexane. b cc-pVTZ basis set.
c Over the n-hexane conformers, without dispersion correction.
d Over the n-hexane conformers, with dispersion correction using standard s 6 values for the functionals (see text) given in the subsequent row.
e Over the n-hexane conformers, with dispersion correction using ad hoc optimized s 6 values given in the subsequent row.
Negative s 6 values can be seen as "undoing" an overcorrection in the underlying level of theory. B2K-PLYP and B2GP-PLYP results at PW6B95/6-311G(d,p) geometries. Geometries fully optimized at remaining levels of theory for butane, pentane, hexane, and neoheptane, but PW6B95/6-311G(d,p) reference geometries used for remaining heptanes and octanes.
CCSD(T) results at MP2/cc-pVTZ geometries, using AVQZ basis set for n-butane, AVTZ basis set for n-pentane, and PVTZ basis set for n-hexane.
a SCF and CCSD energies extrapolated from cc-pV{T,Q}Z basis set pair, and the (T) contribution extrapolated from the cc-pV{D,T}Z basis set pair. b MP2:CC result. TG [4] GG [2] GX- [4] TG- [4] GT [4] G-T [4] G-X+ [4] X-G [4] X+G- [4] G-G- [2] gtt [4] tgt [2] tgg [4] gtg [2] gtg' [2] ggg [2] gx't [4] tgx' [4] xg'g' [4] gx'g' [4] xg'x [2] gtt [4] gtt [4] gtt [4] tgt [2] tgg [4] tgg [4] tgg [4] gtg [2] gtg' [2] ggg [2] gx't [4] gx't [4] gx't [4] tgx' [4] tgx' [4] tgx' [4] xg'g' [4] xg'g' [4] xg'g' [4] gx'g' [4] gx'g' [4] gx'g' [4] xg'x [2] The more purple the marker, the lower the conformer is in energy. Degeneracies are noted in square parentheses.
